• Tungsten oxide nanowires were transformed into nitrogen-doped nanostructures via high-temperature annealing in ammonia/nitrogen atmosphere.
Introduction
As a promising material, nanostructured tungsten oxide (WO3), besides TiO2, is one of the most investigated oxide semiconductors. Its high stability in acidic medium, accompanied by inherently attractive transport properties (hole diffusion length and electron Hall mobility is ∼12 cm 2 V −1 s −1 , compared to TiO2 that is 0.3 cm 2 V −1 s −1 ), [1] make WO3 suitable for a wide variety of possible applications in photovoltaics, photocatalysis, and gas sensing, etc. [2] , [3] , [4] Photoelectrochemical (PEC) properties of tungsten oxide nanostructures have been widely studied in the literature. Etched and reduced WO3 nanoflakes showed increased photocurrent density (1.10 mA cm −2 at 1.0 V vs Ag/AgCl) compared to the pristine WO3 (0.62 mA cm −2 ), which was assigned to the formation of oxygen vacancies on a rough surface. [5] Su et al.
prepared tungsten oxide films containing nanowire arrays. The highest photocurrent topped 1.43 mA cm −2 using an irradiation source emitting at the edge of the visible light (400 nm). [6] Hydrogen treatment of tungsten oxide can also soar the photoactivity by an order of magnitude of the pristine WO3, along with the improvement in the photostability of the structure. [7] These materials possess a relatively wide bandgap (2.5-2.8 eV), implying that only the higher-energy region of the solar spectrum (UV and the higher energy visible part, i.e., blue/violet light) can be utilized in the photogeneration of electron-hole pairs. To widen the restricted absorption range, the bandgap energy can be modified by, for example doping with various transition metals, nitrogen, sulfur or carbon. [8] , [9] , [10] , [11] The latter modifications are accompanied by the variation in the electrochemical properties as well. A review by Janáky dealt with the change of band structure and photocatalytic activity after doping WO3 with different type of elements. [12] Liu et al. investigated nitrogen-doped graphene and reached a 1.8-fold increase in the photoactivity compared to the pure nanoporous WO3
photoelectrode. [13] PEC performance of pristine WO3 can be further enhanced by nitridation (i.e., nitrogen doping or alloying). A recent review by Domen discussed the bandgap narrowing with the substitution of oxygen with nitrogen. [14] As Fig. 1 demonstrates, the N 2p orbital can form a filled energy state above the O 2p state. These types of tungsten oxynitrides and nitrides are generally more stable than other known non-oxide semiconductors. [14] Fig. 1. Narrowing the bandgap (BG) during nitrogen incorporation into the oxide structure.
There are several ways to realize nitrogen-doped tungsten oxide or tungsten nitride nanostructures; for instance, depositing nitrogen-doped WO3 thin films employing reactive magnetron sputtering in nitrogen atmosphere, [15] or synthesizing tungsten nitride nanorods via a hydrothermal method using tungstic acid and ammonium sulfate. [16] The simple thermal treatment is a straightforward method to synthesize mesostructured tungsten nitride with the calcination of tungstic acid powder in ammonia atmosphere at 700 °C or nanoporous layers in ammonia atmosphere up to 600 °C. [17] The nitrogen content as well as the PEC properties are influenced by the annealing time. In certain instances, the photocurrent becomes 18-times higher than that of the pure WO3, however, high-temperature annealing (~600 °C or above)
decreases the photoresponse because of the degradation of the crystalline structure. [18] Nanoporous WO3 photoelectrodes were heat-treated in NH3/N2 atmosphere with different compositions at 450 °C and the highest photocurrent density was attained in 1:2 NH3:N2 mixture. [13] The suggested mechanism of the annealing process is as follows. Ammonia decomposes at high temperature, and the resulting nascent nitrogen helps in creating a specific atmosphere inside the furnace that reacts with the sample to form nitrogen doped/alloyed tungsten oxide or tungsten nitride. [17] , [19] Here, we report the ammonia treatment of hydrothermally synthesized tungsten oxide nanowires in 1:2 NH3:N2 atmosphere at different annealing temperatures. The morphological, structural, and photoelectrochemical changes were followed along with the incorporation of nitrogen into the structure. Results are discussed in comparison to the samples treated in inert nitrogen atmosphere. Most importantly, the bandgap narrowing was not mirrored by the alteration in the PEC properties, highlighting the importance of other structural factorsbeyond light absorption-that dictates photoactivity. SEM studies, the samples were spread on a carbon tape surface, which was attached to an aluminum sample holder, while TEM samples were sonicated in isopropyl alcohol before being dropped on a copper mounted holey carbon film and dried subsequently. The crystal structure of the samples was analyzed by phase identification via X-ray diffraction (XRD) using Cu Kα radiation (k = 1.5406 Å) in a Rigaku Miniflex II instrument. The X-ray photoelectron spectra (XPS) were collected with a SPECS instrument using a PHOIBOS 150 MCD 9 hemispherical electron energy analyzer, using the Kα radiation of the Al anode (h ν = 1486.6 eV). The X-ray After the spray-coating step, the resulted thin layers were heat treated in an oven at 180 °C for 60 min. This annealing had a dual purpose: i) to remove any residual traces of the solvent, and ii) to enhance the adhesion of the spray-coated layers to the underlying electrode surface.
Experimental
gun
Photovoltammetry and Mott-Schottky analysis
All PEC measurements were performed using a Metrohm Autolab PGSTAT302 type potentiostat/galvanostat in a sealed, custom-designed, one-compartment, three-electrode quartz cell. Glassy carbon electrodes, that are modified with various tungsten oxide samples, were used as working electrode, while a Pt sheet and Ag/AgCl/3 M NaCl were employed as counter and reference electrodes, respectively. The light source was a 300 W Hg-Xe arc discharge lamp (Hamamatsu L10852). The spectrum of the light source is presented in the Supplementary Data (Fig. S10) . The radiation source was placed 5 cm away from the illuminated working electrode surface and shone through a quartz window. The output power, reaching the working electrode surface was 180 mW cm −2 in this configuration. The frequency of the chopped illumination was set to 0.1 Hz, while the applied sweep rate was maintained at 2 mV s −1 . Sulfuric acid (H2SO4, Molar, 0.5 mol•dm −3 ) was used as electrolyte solution, saturated by Ar for 30 minutes before each measurement. For Mott-Schottky analysis, the electrochemical impedance spectra of the electrodes were recorded at 13 different potentials (E = −0.6 V-0.1 V vs. Ag/AgCl/3 M NaCl) in 0.5 M sulfuric acid solution, between 10 Hz and 10 kHz frequency, using sinusoidal excitation signal with 10 mV RMS amplitude in the absence of illumination. The MottSchottky plots were generated by using the NOVA software of the Autolab instrument. Results, that were collected at 1500 Hz frequency, are presented in this study.
Results and discussion

Morphology
Morphological changes of WO3 nanowires, thermally treated in NH3/N2 atmosphere, were monitored by TEM (Fig. 2) . Fig. 2a shows the as prepared tungsten oxide nanowires with ~1-2 µm length and 100-150 nm diameter. There were no changes in the fibrous structure below 400 °C -only smaller pieces peeled off the nanowires, as seen in the inset of Fig. 2c . These one-dimensional structures started to break into smaller particles at 500 °C, while twodimensional structures formed at 700 and 800 °C with typical side lengths of a few hundred nanometers ( Fig. 2f-g ). Fig. S1 demonstrates the TEM images of the reference samples thermally annealed in N2 atmosphere. These nanowires are even more fragmented after calcination at high temperatures than the ammonia-treated ones. SEM images displayed similar morphology changes (Fig. S2) . °C transformed the nanowires into two-dimensional nanolayers (Fig. 3f-g ). 
Structure and composition
The structural changes of the nanowires were monitored by XRD as well (Fig. 4) . During annealing in NH3/N2 atmosphere at 400 °C, hexagonal WO3 (h-WO3) (JCPDS 00-033-1387) started to transform into monoclinic WO3 structure (m-WO3) (JCPDS 01-072-1465) and then turned into tungsten oxynitride and tungsten nitride at even higher temperatures (Fig. 4 a-b,) .
There is a mixture of H0.33WO3 [20] (JCPDS 00-006-0706) and W0.62(N0.62,O0.38) at 500 °C, and W0.62(N0.62O0.38) and W2N3 at 600 °C [21] (JCPDS 00-025-1254) at 600 °C, respectively. The hexagonal nanowires, however, were still present in the sample at 600 °C. Annealing at and above 700 °C transformed the structure into W2N3. [22] The heat treatment in nitrogen atmosphere also started to transform the hexagonal structure (h-WO3) (JCPDS 00-033-1387) of the nanowires into monoclinic at 400 °C. A mixture of hexagonal and monoclinic phases composed the sample between 400 and 700 °C, while only the monoclinic structure (m-WO3) and its reflections were discernible at 700 °C and above. Szilágyi et al. investigated the thermal stability of hexagonal tungsten oxide in air, and they found that the structure collapsed at 550-600 °C and irreversibly transformed into monoclinic structure. Our findings are in good agreement with these literature results.
[23] correspond to the hexagonal phase of tungsten oxide. [24] The peaks at 967 and 928 cm −1 were attributed to the stretching mode of the -W=O terminal modes and the stretching mode of WO2.
These two peaks merged at higher temperature, and a further band emerged at 946 cm New peaks appeared after heat treatment at 500 °C, and over 600 °C. The peak positions at 33.3 eV and 35.5 eV correspond to the binding energies of W 5+ . The two peaks at 32.7 eV and 34.8 eV are attributed to the +4 oxidation state of tungsten in the nitride structure. [29] , [30] The intensity of these two peaks increased, while the characteristic peaks of W 6+ had lower intensity with increasing annealing temperature. Fig. S3a shows the nitrogen 1s XP spectra. The characteristic peak at 397.3 eV can be assigned to N 1s of W-N. [31] Fig. S3b shows the XPS spectra of oxygen and demonstrates that the peak intensity is lower at higher temperatures.
Further quantitative analysis was carried out to determine the approximate ratio of tungsten, oxygen, and nitrogen in the samples. The normalized area under the individual XPS peaks for tungsten, oxygen, and nitrogen were divided by their corresponding sensitivity factor and their ratio has been calculated and summarized in Table S1 . The atomic percentage of oxygen decreased at higher temperatures from 73% to 33%, and nitrogen content increased up to 27% above 500 °C. The oxygen content can be partly ascribed to the presence of the adsorbed oxygen contained functional groups on the surface. Fig S5 shows the W 4f XPS spectra of the samples treated in nitrogen atmosphere, and the characteristic peaks of the +6 oxidation state at 35.7 eV and 37.8 eV were observed in every sample.
The bandgap energies of the samples were calculated from UV-vis diffuse reflectance spectra using the Kubelka-Munk and Tauc equation. Tauc plots are shown in Fig. S6 , while the results are summarized in Fig. S6d . The bandgap of the WO3 nanowires narrowed from 3.3 to 2.7 eV due to annealing in N2 atmosphere along with the transformation of the hexagonal structure to monoclinic. In the case of NH3/N2 atmosphere, the bandgap decreased further to 2.5 eV. Above 500 °C, it cannot be accurately determined because the black color of the samples hinders data recording. Nevertheless, we expect that the bandgap narrowed further during higher temperature annealing, as a result of the intermixing of N 2p states the above O 2p states. [32] , [14] 3.3. Photoelectrochemical properties
The PEC behavior of the spray-coated samples was characterized by linear sweep photovoltammetry. According to the results, gleaned from the DRS UV-vis spectra, the smaller bandgap of the ammonia-treated WO3 samples (especially the ones, heat treated above 400 °C) allows the excitation of these materials with visible light. Thus, as the first step, PEC measurements were carried out using solar irradiation. Surprisingly, only marginal photocurrents were measured (data not shown), indicating that the narrow bandgap is a necessary, but not a sufficient factor for visible light photoactivity (see discussion below).
Better results were obtained employing UV-vis irradiation (Fig. 7.) . An n-type behavior was seen for all samples with anodic photocurrents. The recorded photocurrents, however, were not very impressive compared to earlier studies on nanoporous WO3 films. [33] , [34] The harvested photocurrents were not improved significantly by varying the film thickness (data not shown). Furthermore, photocurrents are decreasing together with the potential window, where the given material is photoactive, with the increasing temperature of the heat treatment procedure. Specifically, the onset potential of the photocurrents gradually shifted to more positive potentials. Taken together all these observations as a whole we can conclude that by introducing nitrogen atoms to the WO3 crystal structure the bandgap gradually decreases, but this effect is accompanied by the formation of traps (i.e., charge carrier recombination centers). These traps hinder the transport of the photogenerated charge carriers toward both the solution and to the supporting electrode surface, resulting in small photocurrents.
XRD data suggested that when WO3 was heat treated in nitrogen atmosphere, it has only changed its crystal structure from the hexagonal to the monoclinic polytype. This observation was also reflected on their photovoltammograms (only two sets are presented in Fig. 8 , the others are shown in the supplementary data). Similarly to the previously presented results, an n-type behavior was seen. The maximum values of the photocurrent are in the same regime (100-150 µA cm −2 ). Only the sample heat treated at 700 °C stands out: in this case higher photocurrents developed at less positive potentials compared to the others. By increasing the calcination temperature, the flatband potential (corresponding to the conduction band of these n-type semiconductors [35] ) shifted toward more positive potential values (in agreement with the photovoltammetry data shown earlier). Interestingly, a different phenomenon was observed for the WO3 samples heat treated in nitrogen atmosphere: two linear sections can be identified, and thus two flatband potentials were calculated for the sample heat treated at 700 °C. The first one is similar to the one, calculated for the WO3 sample, heat treated at 400 °C, attributed to the hexagonal polytype of WO3. The appearance of the second flat-band potential is an unexpected phenomenon because according to the XRD data, only monoclinic WO3 is supposed to be present in this sample.
Conclusions
In summary, hydrothermally synthesized tungsten oxide nanowires were thermally treated in ammonia/nitrogen atmosphere at different temperatures. The morphology of the nanowires was turned into cracked nanowires and nanosheets accompanied by the structural transformation of the hexagonal phase into monoclinic WO3, and tungsten oxynitride and nitride at higher annealing temperatures. Although incorporation of nitrogen atom narrowed the bandgap of the pristine nanowires, photovoltammetric measurements demonstrated the lack of improvement in photoactivity. As a possible, yet not fully proven, explanation, we think that trap states, formed in the material during N-incorporation, hinder the transport of the photogenerated charge carriers toward both the solution and the supporting electrode surface.
These results confirm that while N-incorporation is a viable strategy to narrow the bandgap of WO3, other structural factors need to be also considered to achieve enhanced PEC behavior.
Further mechanistic studies, focusing on the charge carrier recombination dynamics, are in progress in our laboratories.
